Preface
In 2017 a new Table has been introduced called; Table ' Standardized ileal digestibility of amino acids in feedstuffs for poultry' and has been described in the CVB Documentation report nr. 61. As a feed evaluation system has two pillars -the supply of nutrients by the diet on the one hand and the requirement for these nutrients by the animals on the other hand (both expressed in the same units) -it was also necessary to also update and express the amino acid requirements on a standardized ileal digestibility (SID) basis. Therefore a large meta-analysis dataset was constructed from studies in which amino acid requirements in laying hens were estimated. The SID amino acid concentrations of the diets used in these studies were recalculated based on the new CVB SID amino acid Table  presented in CVB documentation report nr. 61 and the requirements for SID lysine were subsequently estimated. The results of this meta-analysis for standardized ileal digestible lysine (SID-LYS) are presented in the present CVB Documentation report. Compared to the former CVB apparent faecal digestible LYS recommendation for laying hens described in CVB Documentation report nr. 18 and published in 1996 the present established SID-LYS amino acid recommendations for laying hens are:
1. Based on a substantial larger dataset of requirement studies 2. Based on studies with modern laying hen types in the period 1990 -2017 3. Based on standardized ileal digestible amino acid values in feedstuffs instead of apparent faecal digestible amino acid values. The in this report estimated requirement of SID-LYS will be incorporated in the Dutch CVB Tabellenboek Veevoeding Pluimvee 2018 and in the English version CVB 
Introduction
In 2012 a large meta-analysis was carried out by van Krimpen and others in order to determine the dietary requirements for standardized ileal tract digestible (SID) amino acids (AA) for laying hens. This study resulted in a report published by van Krimpen et al. (2015) . Before the start of this meta-analysis carried out by van Krimpen et al. another large metaanalysis was carried out in order to determine the SID-AA levels for the various feed ingredients. This meta-analysis resulted in a CVB table with SID-AA concentrations for the various feed ingredients and this Table was used by van Krimpen et al. (2015) in order to recalculate the dietary SID-AA levels for the individual AA titration studies in order to estimate AA requirements. However, in 2017 this CVB Table was updated with new data published in the years between 2012 and 2017 as there were questions about the SID cysteine digestibility value for soybean meal. As a result, not only the SID-AA values for soybean meal have been updated but also for other feedstuffs. As a consequence it was necessary to recalculate all the diets used in the AA titration studies that van Krimpen et al. (2015) used to determine AA-requirements. In this study the results of estimated dietary SID lysine (SID-LYS) requirements based on the new Table values as presented in CVB documentation report nr. 61 are presented. Furthermore, the dataset used by van Krimpen et al. has been extended with new studies that were not included in the study of van Krimpen et al.. In the study of van Krimpen et al. only those titration studies were selected in which synthetic dietary LYS was added at increasing levels whereas the rest of the diet did not change. However, this resulted in only a few studies that could be included in the meta-analysis. Most studies that investigated the LYS requirement were set up in such a way that not only LYS was varied but also certain other amino acids as well in order to keep certain essential amino acid : LYS ratios at a desired constant level. Because of the few LYS studies remaining it was decided to also take into account the LYS requirement studies in which also other amino acids were increased alongside LYS. This resulted in a substantial larger dataset than used by van Krimpen et al.. Furthermore, two models for estimation of SID-LYS requirements were compared. The first model consisted of a quadratic broken-line model as described and used in the estimation of SID-LYS requirements in broilers (CVB documentation report nr. 62) and the second model consisted of a quadratic broken-line model as well but with this difference that the slope of the line following the estimated break-point value was allowed to vary whereas in the first broken quadratic broken line model the line was forced to be horizontal.
Materials and Methods
Lysine requirement studies were selected from literature (1990 -2017) in which not only the dietary LYS content was varied by means of addition of graded levels of dietary synthetic LYS but also those studies where included in which also other amino acids were increased alongside LYS. In some studies next to increasing levels of synthetic LYS also levels of other synthetic amino acids such as MET, THR, TRP, VAL and ILE were increased in order to maintain certain essential amino acid : LYS ratios constant or to prevent these ratios to become sub-optimal and thereby limit the response to increases in dietary SID-LYS. In one study a diet rich in protein and levels of amino acids was mixed with increasing levels of a nitrogen free diet ensuring constant dietary amino acid : LYS ratios for all amino acids (study of Silva et al., 2015) , in some studies only the dietary LYS content was varied by means of addition of synthetic LYS. Furthermore, performance characteristics such as daily egg mass (EM: g/d/hen) and feed conversion ratio (FCR; g feed : g egg mass) had to be recorded and information with respect to dietary composition and age of the laying hens had to be provided in the studies.
Requirements were estimated using two models, a quadratic single-slope broken-line model with a horizontal plateau and a quadratic two-slope broken-line model in which the slope of the line beyond the estimated break point value was allowed to vary. The quadratic two-slope broken-line model was also taken into account as in some cases a decrease in EM or an increase in FCR was observed after the lowest FCR or highest EM was observed at further increases in SID-LYS concentration. These two models were adopted from a publication of Robbins et al. (2006) .
The quadratic single-slope broken-line model (model 1) is as follows:
Where: L = plateau value for EM or FCR R = break-point value for SID-LYS (%) U = slope value, representing the increase in EM or decrease in FCR per unit increase in dietary SID-LYS.
The quadratic two-slope broken-line model in which the slope of the line beyond the estimated break point values is allowed to vary is as follows:
Where: L = plateau value for EM or FCR R = break-point value for SID-LYS (%) U = slope value, representing the increase in EM or decrease in FCR per unit increase in dietary SID-LYS at SID-LYS levels before the break-point value for SID-LYS. V = slope value, representing the decrease in EM or increase in FCR per unit increase in dietary SID-LYS at SID-LYS levels after the break-point value for SID-LYS has been reached. The possible slope values were restricted to zero and positive values for FCR and restricted to zero and negative values for EM.
Via the PROC MIXED procedure and the PROC NLMIXED procedures of SAS estimated SID-LYS requirements for EM and FCR were regressed against factors such as EM, FCR, egg production rate, age, and the dietary factors CP, ME and CP : ME ratio with study effect included as a random factor. Furthermore, the estimated SID-LYS requirement levels were also used to calculate ratios of other non-test SID-AA that coincided with the estimated SID-LYS requirement levels and it was checked whether some of the non-test SID-AA could negatively affect the estimated SID-LYS levels for FCR and EM.
Results and Discussion
In Table 1 . Some characteristics of the studies included in the meta-analysis is given. The dataset consisted of 16 studies with in total 26 trials and 152 observations.
In Appendix A for each titration trial the relationship between dietary SID-LYS content and FCR and between dietary SID-LYS content and EM is presented graphically together with the estimated SID-LYS requirements for the quadratic single-and two-slope broken-line models. A visual analysis of these graphs show that in most cases the estimated SID-LYS requirements are similar for both models and also that in a number of cases the estimated SID-LYS requirements using the two-slope model are clearly higher than for the single-slope model and seems, from a visual interpretation, to overestimate optimal SID-LYS requirements (for example, see the SID-LYS requirement estimates for trials 1, 10, 11 and 17 in Appendix A). Therefore it was decided to use the estimated SID-LYS requirements based on the quadratic single-slope broken-line model as the basis for deriving SID-LYS recommendations for EM and FCR. In Appendix B the estimated single-slope quadratic broken-line model parameters for each titration trial is given.
In Table 2 the average estimated optimal SID-LYS concentrations and SID-LYS intake statistics are presented. The average calculated optimal SID-LYS intake levels were 766 mg/d for EM and 732 mg/d for FCR. When correcting for study effect the average SID-LYS requirements were 777 mg/d for maximum EM and 766 mg/d for minimum FCR. Results in Table 2 show a wide range in optimal estimated SID-LYS concentrations or SID-LYS intake levels. This wide range can be the result of various process such as the quantity of EM (determined by egg production percentage and egg weight), the energy content of the feed, body weight changes of the animals, the weight of the birds, temperature, subclinical infections, genetics and the setup of the experiment. With respect to the setup of the experiment; it was observed that the effect of the model estimated steepness of the curve was related to the estimated requirement for SID-LYS for minimum FCR ( Fig. 1 ) and also that the difference between minimum and maximum observed FCR in an experiment did affect the estimated SID-LYS requirement for FCR (Fig. 2) . Furthermore, the steepness of the curve was related to the difference in minimum and maximum FCR within an experiment (R 2 = 0.642). However, the effect of steepness of the curve on estimated SID-LYS requirements for maximum EM was less significant (R 2 = 0.270) compared the effect of steepness of the curve on estimated SID-LYS requirements for minimum FCR (Fig. 1 ). These relationships suggest that for experiments with lower basal SID-LYS concentrations also lower estimated SID-LYS requirements can be expected due to the fitting characteristics of the model compared to experiments with higher basal levels of SID-LYS. This is also clearly shown in Appendix A with trials 7 -9 of the study of Silva et al. (2015) . In the study of Silva et al. large contrasts in SID-LYS were made. When fitting the quadratic single-slope broken-line model on the full dataset of observations of Silva et al. and on a reduced dataset (in which the 3 lowest SID-LYS observations were omitted) substantially higher SID-LYS requirement values for FCR were estimated based on the reduced dataset. It was therefore decided to base the estimated SID-LYS requirement values for FCR and EM from the study of Silva et al. on the reduced dataset in which the 3 lowest SID-LYS levels in each trial were omitted. In Appendix A and Appendix B the titration results of the study of Silva et al. (2015) with the lowest 3 SID-LYS levels removed before estimation of the SID-LYS requirement are represented with the letter 'a'. Furthermore, the observations of the study of Bouyeh and Gevorgian were also removed because of the observed low maximum laying rate percentage. In Table 3 the average estimated optimal SID-LYS concentrations and SID-LYS intake statistics are presented in which the estimated SID-LYS requirement values for FCR and EM from the study of are based on the reduced dataset in which the 3 lowest SID-LYS levels in each trial were omitted and in which the results of the study of Bouyeh and Gevorgian were excluded due to the observed low maximum laying rate percentage. Santos et al. (2014) were outlier values that were situated around 3 standard deviations away from the average and therefore excluded from the other observations.
SID-LYS requirement for maximum EM based on model estimated requirements for SID-LYS
The estimated requirements for SID-LYS intake and dietary SID-LYS content for maximum EM was observed to be strongly related to EM itself: There was one outlier observation (observation of trial number 7a from the study of ). Removal of this value resulted in the following relationship between SID-LYS intake for maximum EM and maximum EM itself: The explained variation of SID-LYS intake for maximum EM by the model was further substantially increased when adding minimum FCR as a covariable next to maximum EM to the model, however, the factors FCR and EM were not significant (P=0.061 and P=0.171 for EM and FCR, respectively, probably due to the small dataset):
[F5] SID-LYS intake for maximum EM (mg/d)= -1591±319 + 31.0±2.96 × EM (g/d) + 354±97.5 × FCR; n = 12 R 2 =0.931
When using the relationship [F5] . and the feed requirements for laying hens at various BW, egg production rates and egg weights as stated in Table 6 .4a in the Tabellenboek Veevoeding 2012 it appeared that estimated SID-LYS requirements for maximum EM using formula [F5] increased substantially at increasing BW and that this increase in SID-LYS requirement per unit increase in BW was substantially higher than the estimated SID-LYS requirement for maintenance of 32 mg SID-LYS per kg BW. Therefore it was decided to not consider relationship [F5] with respect to establishing SID-LYS requirements.
Furthermore, the explained variation of SID-LYS intake requirements for maximum EM was also increased when BW was added as a covariable to the diet next to the factor EM (R 2 increased from 0.829 to 0.894), although to a lesser degree then was the case for the covariable FCR. In the case when BW was added as a covariable it was necessary to make an estimation of the BW for 5 out of the 12 observations as the BW of the birds in these 5 titration trials were not provided in the publication. Assuming a SID-LYS maintenance requirement of 32 mg per kg BW the average SID-LYS intake for maximum EM per g of EM was 13.7±1.46 mg and the average SID-LYS intake for minimum FCR per g of EM was 13.1±1.34 which means that SID-LYS would be converted into EM lysine with an efficiency of around 68-71%. However, when calculating the SID-LYS requirement in this way only a low percentage of the variation could be explained.
A factor that possibly contributed to the variation in SID-LYS requirement per g of EM was the change in BW over time. For example, when regressing the change in daily BW against the estimated SID-LYS requirement for maximum EM expressed per g of EM corrected for maintenance ( Fig. 1) , an almost significant (P=0.061) relationship was observed with decreasing SID-LYS requirement per g of EM at increases in daily BWG. A similar relationship, although less clear (P=0.158), was observed between changes in daily BW and SID-LYS requirement for minimum FCR expressed per g of EM and corrected for maintenance (Fig. 2) . When working out the assumption of an SID-LYS requirement of 32 mg/kg per kg BW, an average SID-LYS requirement per g of EM of 13.7 mg, an egg weight of 60 g and the feed requirements for laying hens at various BW, egg production rates and egg weights as stated in Table 6 .4a in the Tabellenboek Veevoeding 2012 the calculated SID-LYS requirements expressed in mg/d and in % of the diet are then as shown in Table 4 . However, this approach of which the results are shown in Table 4 does not account for the effect of a decreasing dietary SID-LYS conversion efficiency into EM at increasing EM as will be shown later on in this document in chapter 3.3.
SID-LYS requirement for minimum FCR based on model estimated requirements for SID-LYS
With respect to estimation of the optimal SID-LYS content for minimum FCR the estimated SID-LYS requirement value from the study of Santos et al. (2014) of 1.05% was an outlier value (more than 3 standard deviations removed from the average estimated SID-LYS requirement value) and this value therefore was not included in the analysis. The estimated SID-LYS intake requirement and estimated dietary SID-LYS content requirement for minimum FCR was not related to the estimated minimum FCR itself (P=0.543 for SID-LYS intake and P=0.340 for SID-LYS content). Also, the estimated SID-LYS requirements expressed as intake (mg/d), as percentage, and as mg SID-LYS per g of EM were not significantly related to the dietary energy content, protein level, or protein: energy ratio.
There was almost a trend (P=0.101) for a positive effect of the estimated minimum FCR on SID-LYS intake req. for minimum FCR per g of EM corrected for BW (mg/g):
[F6] SID-LYS intake req. for minimum FCR (per g of EM corrected for BW; mg/g) = 6.4±3.31 + 3.48±1.644 × FCR (g feed: g EM); n = 16, R
Conversion efficiency of SID-LYS into EM based on all titration observations
When considering the efficiency in which dietary SID-LYS is converted into EM it becomes clear from Fig. 4 that, as dietary SID-LYS intake and dietary SID-LYS concentration increase, the efficiency from around 100 percent at a dietary SID-LYS concentration of around 0.4% and a SID-LYS intake level of around 300 mg/d decreases. This observation together with the finding in this study that the average dietary SID-LYS conversion efficacy at which dietary SID-LYS is converted into EM for maximum EM is 68% and for minimum FCR is 71% suggests that, in order to obtain maximum performance, one should reckon with an unavoidable inefficiency in SID-LYS utilization that increases at increased production levels and at increased dietary SID-LYS intake levels. In Fig. 5 the relationship between SID-LYS intake and dietary SID-LYS conversion efficiency into EM is again presented but then the values with FCR values higher than 2.4 and lower than 1.9 were excluded from the analysis in order to reduce the effect of body protein deposition or mobilization on the relationship between SID-LYS intake and SID-LYS conversion efficiency into EM.
Figure 5.
Relationship between dietary SID-LYS intake (mg/d) and dietary SID-LYS conversion efficiency into egg mass (%) based on all the titration data in the meta-analysis dataset in which the feed conversion ratio was in between the range 1.9 -2.4 (n = 104 observations from 26 titration trials). The SID-LYS conversion efficiency was calculated as: (egg mass (g/d) × 9.3 ) / SID-LYS intake (mg/d) × 100.
In Fig. 6 the relationship between SID-LYS intake and dietary SID-LYS conversion efficiency into EM is again presented with extreme FCR values higher than 2.4 and lower than 1.9 being excluded from the analysis as to reduce the effect of body protein deposition or mobilization on the relationship between SID-LYS intake and SID-LYS conversion efficiency into EM and, furthermore, those observations were removed that had titration levels beyond the titration level at which maximum observed EM was achieved within each titration trial. Figure 6 . Relationship between dietary SID-LYS intake (mg/d) and dietary SID-LYS conversion efficiency into egg mass (%) based on all the titration data in the meta-analysis dataset in which the feed conversion ratio was in between the range 1.9 -2.4 and without those titration levels that were beyond the titration level at which maximum EM was achieved within each titration trial (n = 78 observations). The SID-LYS conversion efficiency was calculated as: (egg mass (g/d) × 9.3 ) / SID-LYS intake (mg/d) × 100.
In Figures 4 -6 a clear decrease in SID-LYS conversion efficiency into EM is observed that should be accounted for in the determination of SID-LYS requirement levels for laying hens.
3.4 SID-LYS requirement for EM production based on all titration observations with FCR values in the range 1.9 -2.4 and without those titration observations that were beyond the titration level at which maximum EM was achieved.
In Fig. 7 the relationship between EM production and dietary SID-LYS intake is presented. This relationship together with the various models fitted to the data clearly shows that it is very difficult to estimate a maintenance requirement of SID-LYS based on data from egg producing laying hens due to the fact that extrapolation over a wide SID-LYS intake distance is required. Another complicating factor is the fact that a laying hen can only produce an egg of a certain weight (lowest egg weight in the meta-analysis dataset was 52 gram at a SID-LYS intake of 179 mg). A laying hen cannot 'decide' to produce an egg of let's say 20 gram because it has an SID-LYS intake above maintenance that is enough to provide for an egg of 20 gram. Instead, a laying hen may 'decide' to produce an egg of around 52 gram every second or third day and using its LYS reserves to compensate for shortage of dietary LYS intake.
Figure 7.
Relationship between egg mass (g/d/hen) and dietary SID-LYS intake (mg/d) based on all the titration data in the meta-analysis dataset in which the feed conversion ratio was in between the range 1.9 -2.4 and without those titration levels that were beyond the titration level at which maximum EM was achieved within each titration trial (n = 78 observations).
In Fig. 8 the relationship between dietary SID-LYS intake (mg/d) and SID-LYS intake per g of egg mass produced (mg SID-LYS intake/g of egg mass) is presented based on all the titration data in the meta-analysis dataset in which the feed conversion ratio was in between the range 1.9 -2.4 and without those titration levels that were beyond the titration level at which maximum EM was achieved within each titration trial (n=78). The open squares are the model outcomes of SID-LYS requirements for maximum egg mass and the open triangles are the model outcomes of SID-LYS requirements for minimum FCR. The regression line is based on all observations. Results in Fig. 8 show that the relationship between SID-LYS requirements per g of EM for maximum EM and minimum FCR as estimated by the model and SID-LYS intake are in line with the relationship between SID-LYS intake and SID-LYS intake per g of EM for all the observations. This means that for the estimation of SID-LYS requirements for laying hens the data from all studies can be used which results in a more robust dataset with a larger range in dietary SID-LYS intake levels. The SID-LYS intake was significantly related to egg mass and egg production rate (no significant interaction between egg mass and egg production rate):
[F7] SID-LYS intake (mg/d) = -324±112.5 + 35.6±4.31 × EM (g/d) -9.61±3.076 × egg production rate (%): n = 78, R 2 = 0.786.
Using the same model as in [F7] but then excluding the data from the study of Bouyeh and Gevorgian that had low maximum observed egg production rates lower than 80% resulted in the following model: The consequence of using relationship [F8] . for predicted SID-LYS requirements at two different production rates and using an average egg weight of 60 g are presented in Table 5 . 
Conclusions
Based on the results of this study it is concluded that SID-LYS requirements for EM production can be estimated with more precision than SID-LYS requirements for FCR. 
